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Be it known that we, Anthony Petrovich, residing at 205 Apache Way, 
Tewksbury, MA 01876, John R. Williams, residing at 70 Outlook Drive, Lexington, MA 
15 02421, and Christopher E. DuW residing at 27 Hayward Avenue, Lexington, MA 02421, all 
being citizens of the United States of America have invented a certain new and useful 

SENSOR READOUT CIRCUIT 
of which the following is a specification: 
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Applicant: Petrovich et al. 
For: SENSOR READOUT CIRCUIT 

FIELD OF THE INVENTION 
This invention relates to a sensor readout circuit and more particularly to a sensor 
readout circuit which continuously outputs the resonance frequency of the sensor. 

BACKGROUND OF THE INVENTION 
The sensitivity of chemical and gravimetric sensors employing mass sensors, such 
as flexure plate wave resonators, is based on the sensitivity of the mass sensor velocity 
and resonant frequency to mass loading of the sensor. Many applications require that the 
resonant frequency of the sensor response be measured continuously to provide a 
measurement of any mass loading to the sensor. Readout of these sensors is complicated 
by the fact that multiple resonant peaks may be present in a typical response of the 
sensor. 

In the prior art, one method for reading out the resonant frequency of a sensor is a 
swept frequency response measurement. The swept frequency response measurement 
technique relies on sweeping the frequency response of the sensor with a 
spectrum/network analyzer, measuring the magnitude voltage and phase angle of the 
response, and calculating if the chosen frequency represents the resonant frequency of the 
sensor. 

However, this prior art technique has several disadvantages. Sweeping the 
frequency response of the sensor requires complex and expensive electronics which 
require substantial signal processing which can limit the rate of updating the sensor 
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readout. Further, it is difficult to read out additional sensor characteristics, such as 
multiple resonant frequencies and resonant Q's associated with these resonances. 



It is therefore an object of this invention to provide an improved sensor readout 

circuit. 

It is a further object of this invention to provide a sensor readout circuit which 
locks the input and output of the sensor at the same phase. 

It is a further object of this invention to provide a sensor readout circuit which 
provides a continuous sensor output at the resonant frequency of a sensor. 

It is a further object of this invention to provide a sensor readout circuit which 
ehminates the need to sweep the frequency response of a sensor to determine the resonant 
frequency of a sensor. 

It is a further object of this invention to provide a sensor readout circuit which can 
isolate specific resonance frequencies when multiple resonant frequencies are present. 

It is a further object of this invention to provide a sensor readout circuit which can 
easily determine the resonant Q of a sensor. 

It is a further object of this invention to provide a sensor readout circuit which is 
inexpensive and compact in design. 

This invention results from the realization that a truly effective sensor readout 
circuit can be achieved, not by sweeping the frequency response of a sensor, measuring 
the magnitude and phase shift at each chosen frequency, and then determining whether 
the chosen frequency represents the resonant frequency, but, instead by the combination 



BRIEF SUMMARY OF THE INVENTION 
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of a unique phase detector circuit connected to an output and an input of the sensor which 
detects the phase difference between the input and an output signal of the sensor, and a 
drive circuit responsive to the phase detector circuit which maintains a fixed phase 
difference between the input signal and output signal to provide a continuous output of a 
frequency equal to the resonant firequency of the sensor. 

This invention features a sensor readout circuit which provides a firequency signal 
output comprising a phase detector circuit connected to an output signal from a sensor 
and an input signal to the sensor and configured to detect the phase difference between 

1^ the input signal and the output signal, and a drive circuit responsive to the phase detector 

b 

p 10 circuit and configured to maintain a fixed phase difference between the input signal and 
fH the output signal. Ideally, the fixed phase difference between the input signal and the 

W output signal is maintained at zero degrees. However, the fixed phase difference 



fl 



maintained by the drive circuit may be 90^, 1 80°, 270°, or any fixed phase difference 



pi 

il between 0° and 360°. The sensor readout circuit may include a phase delay adjustment 
Q 15 circuit responsive to the input signal and the phase detection circuit for adjustmg the 



phase difference. Typically, the output signal is a sinusoidal voltage at a predetermined 
firequency. Typically the predetermined fi'equency is in the range of 1 0 MHz to 30 MHz. 

In one embodiment, the sensor readout circuit includes a voltage step module 
configured to offset the input voltage by a predetermined amount to offset the fi'equency 
20 and measure the corresponding phase detector circuit output change. The input voltage 
maybe offset by 90°, 180°, 270°, or any voltage offset between 0° and 360°. The Q is 
calculated from the ratio of the offset of the voltage and the offset of the frequency. 
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In a preferred embodiment the sensor is a flexure plate wave device and 
continuously outputs a frequency representing the resonance frequency of the sensor. 

This invention also features a method for determining the frequency signal output 
of a sensor, the method including the steps of: detecting the phase difference between an 
output signal from a sensor and an input signal to a sensor, and maintaining a fixed phase 
difference between the input signal and the output signal to a predetermined phase 
difference. In one example, the method for determining the frequency signal output of a 
sensor includes the step of adjusting the phase difference between the input signal and the 
output signal to a predetermined fixed phase difference. 



Other objects, features and advantages will occur to those skilled in the art from 
the following description of a preferred embodiment and the accompanying drawings, in 
which: 

Fig. 1 is a block diagram showing one prior art method of reading out the resonant 
frequency of a sensor; 

Fig. 2 is a graph showing the prior art measurement of the magnitude of a signal 
transmitted through the sensor of Fig. 1; 

Fig. 3 is a graph showing the prior art measurement of the phase response of the 
signal transmitted through the sensor of Fig. 1; 

Fig, 4 is a graph showing the frequency of resonant peak of the sensor of Fig. 1 
derived from the measured magnitude and phase response shown in Figs. 2 and 3; 



BRIEF DESCRIPTION OF THE DRAWINGS 
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Fig. 5 is a block diagram of a sensor readout circuit according to the present 
subject invention; 

Fig. 6 is a more detailed schematic diagram of one embodiment of the sensor 
readout circuit of Fig. 5; 

Fig. 7 is a block diagram of another embodiment of the sensor readout circuit 
according to the present invention similar to the system shown in Fig. 5, showing additional 
circuitry to measure resonant peak Q; and 

Fig. 8. is a flow chart of one embodiment of the method to read out a sensor in 
accordance with the present invention. 

DISCLOSURE OF THE PREFERRED EMBODIMENT 
As discussed in the Background of the Invention above, one prior art technique 
for reading out the resonant frequency response of a sensitive mass sensor includes the 
use of a swept frequency response measurement. Using this technique, a frequency is 
chosen, the magnitude and phase angle of the response is measured, and a calculation is 
performed to determine if the resonant peak of the sensor is at the chosen frequency. The 
process is repeated until the frequency of the resonant peak of the sensor is found. The 
resonant frequency of the sensor, in turn, provides a measurement of any mass loading to 
the sensor. 

The prior art swept frequency response measurement technique employs oscillator 
10, Fig. 1, to drive sensor 12, such as a flexure plate wave resonator, with sinusoidal 
voltage 14. Spectrum/network analyzer 18 measures the magnitude of voltage amplitude 
22, Fig. 2, of the response of sensor 12 to sinusoidal voltage 14, Fig. 1 at a chosen 
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frequency 20. Phase angle 24, Fig. 3 is then measured at frequency 20. To determine if 
frequency 20 represents the resonant peak of sensor 12, the phase discriminate, or zero 
voltage crossing, is calculated by the following equation: 



where V is the magnitude of the response (e.g. magnitude of voltage amplitude 22, Fig. 
2) and (p is the measured phase angle (e.g. phase angle 24, Fig. 3). If the response of 
sensor 12 is at the resonant peak it will be represented as discriminate zero voltage 
crossing, as shown by arrow 26, Fig. 4. However, in this example, at chosen frequency 
20 the calculated phase discriminate is not at the zero voltage crossing, as shown by 
arrow 28. Therefore, frequency 20 does not represent the resonant frequency of sensor 



Accordingly, spectrum/network analyzer 18 continues to sweep the frequency, as 
shown by way of example at frequencies 30, 32, and 34, Fig. 1 . At each chosen 
frequency, the magnitude and phase angle of sensor 12 is measured and a calculation 
using equation (1) is performed to determine if that frequency represents the resonant 
peak, i.e. the zero voltage crossing. Finally, and typically after substantial frequency 
sweeping, spectrum/network analyzer 18 measures magnitude of amplitude voltage 36, 
Fig. 1 at frequency 34 and phase angle 38, Fig. 2. The phase discriminate, or zero 
voltage crossing is calculated from magnitude of voltage ampUtude 36 and phase angle 
38 using equation (1) above. As shown in Fig. 3, frequency 34 represents the resonant 
frequency of the sensor because it is at zero voltage crossing 26. 

When sensor 12 is exposed to a mass loading, such as when analytes 16, Fig. 1 
are loaded on sensor 12, the resulting mass change produces a voltage response as shown 
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Phase discriminate = V cos((p) 
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by graph 40, Fig. 2 and a phase response represented by graph 42, Fig. 3. The frequency 
is then swept until the frequency of the resonant peak is determined. For example, 
magnitude 44, Fig. 2, and phase angle 48, Fig. 3 are measured, and zero voltage crossing 
50, Fig. 4 is calculated at resonant frequency 52, The change in mass resulting from 
mass loading sensor 12, Fig. 1 with analytes 16 is determined by difference in resonant 
frequency 52 after mass loading and resonant frequency 34 before mass loading, as 
shown by arrow 54. 

Thus, the prior art technique of swept frequency response measurement to 
determine resonant frequency of sensor 12 requires sweeping the frequency with a 
spectrum/network analyzer, measuring the magnitude of the voltage and phase angle of 
the response for each chosen frequency, then determining by calculation if the chosen 
frequency represents the resonant frequency. This technique requires complex and 
expensive electronics, such as frequency spectrum/network analyzer 18, and requires 
substantial signal processing which can limit the rate of updating the sensor readout. 

In sharp contrast, novel sensor readout circuit 60, Fig. 5 of the subject invention 
locks drive circuit 64 to the phase shift at resonant frequency by unique phase detection 
circuit 62. By keeping the phase shift constant, the resonant frequency of the sensor will 
change as the mass on the sensor changes. Readout circuit 60 includes sensor 12 and 
phase detector circuit 62 intercormected with the input and output of sensor 12. Phase 
detector circuit 62 detects the phase difference between an input signal and an output 
signal to sensor 12. Drive circuit 64 is responsive to phase detector circuit 62 and 
maintains a fixed phase difference (e.g. zero degree phase delay) between the input signal 
and the output signal to sensor 12. Altematively, the fixed phase difference between the 
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input signal and output signal to sensor 12 may be 90^ 180^ 270^ or any fixed phase 
difference between 0^ and 360°. Drive circuit 64, instead of sweeping the frequency as in 
the prior art, readout circuit 60 keeps the phase shift constant and measures the frequency 
change as the mass on the sensor changes. By locking or adjusting the phase delay to a 
5 predetermined phase, the phase at the resonant peak can be selected and the frequency 
corresponding to this peak can be continually tracked with the frequency of this operating 
point represented in the output signal. The output signal frequency is counted using 
standard digital frequency counting techniques and rendered in digital form to a digital 

1^ processing and recording system. Moreover, with the addition of a voltage step module 

O 

p 10 to offset the input voltage phase by a predetermined amount and measuring the resulting 
HI frequency offset, the resonant peak Q can be calculated from the ratio of the frequency 

HI and phase offsets. 



s 

i 



Sensor readout circuit 60, Fig. 5 includes drive circuit 64, such as a voltage 
controlled oscillator, which generates signal on line 66 typically in the range of 10-30 



P 15 MHz. The signal on line 66 is split by a 3 dB coupler 68 and one portion of the signal is 

m 

provided as a first output signal on line 70 and the other portion is provided as second 
output signal on line 72. The signal on line 70 is rendered in digital form to a digital 
processing and recording system 104 and counted using standard digital frequency 
coimting techniques known to those skilled in the art. The signal on line 72 is provided 
20 to second 3dB coupler 74. Second 3dB coupler 74 divides second output signal 72 into a 
signal on line 76 and phase reference signal on line 78. The signal on line 76 is input to 
sensor 12 at input 80 and the phase reference signal on line 78 is provided to optional 
phase delay adjustment circuit 82 which allows for phase shifting of the reference signal. 
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Phase delay adjustment circuit may provide a voltage offset of 90®, 1 80*^, 270^ or any 
voltage offset between 0*^ and 360*^. The reference signal emerging directly from 3 dB 
coupler 74, or optionally, the reference signal on line 78' emerging from phase delay 
adjustment circuit 82, is provided to phase detector circuit 62 which is responsive to drive 
5 circuit 64 and maintains a fixed phase difference between the input signal on line 76 to 
sensor 12 and the output signal on line 94 from sensor 12. The fixed phase difference 
may be 0°, 90°, 180°, 270°, or any fixed phase difference between 0° and 360*'. Phase 
detector circuit 62 typically includes phase detection mixer 86 and loop filter/integrating 
1*^ DC ampUfier 100. The output signal on line 78 is provided to L signal port 88 of phase 

Q 10 detection mixer 86. 

vj 

r" In one preferred example, the output signal on line 78' from phase delay 



m 



adjustment circuit 82 is provided to L signal port 88 of phase detection mixer 86. The 
output signal on line 94 from sensor 12 is provided to R signal port 90. The signal on 
line 98 from phase detector mixer 86 is provided to loop filter/integrating DC amplifier 



15 100 which provides a baseband feedback signal on line 102 to drive circuit 64 to lock 

III 

drive circuit 64 at the output signal on line 66 which has fixed phase difference (e.g., zero 
phase delay) between the input signal on line 76 and output signal on line 94 of sensor 
12, 

Thus, instead of sweeping the frequency, measuring the magnitude and phase 
20 angle at each frequency, and then performing calculations to determine the resonant 
frequency as swept in the prior art, the sensor readout circuit of the subject invention 
employs unique phase detection circuit 62 to lock drive circuit 64 to the phase shift of 
sensor 12 at the resonant frequency. By keeping the phase shift constant, the resonant 
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frequency of the sensor will thus change as the mass on sensor 12 changes. The result is 
a more robust sensor readout circuit which better measures the resonant frequency 
response to mass loading on sensor 12. At the same time, the sensor readout circuit of 
this invention is simple in design, inexpensive, and does not require substantial signal 
5 processing which can limit the rate of updating the sensor readout. 

There is shown in Fig. 6 a more detailed schematic diagram of one example of the 
sensor readout circuit shown in Fig. 5 usefiil in connection with a flexure plate wave 
resonator. Sensor readout circuit 60' similarly locks drive circuit 62 to the phase shift at 
resonant frequency and, by keeping the phase shift constant, the frequency of the sensor 

O 

P 10 will change as the mass on the sensor changes. 

SI 

Sensor readout circuit 60*, Fig. 6 includes voUage controlled oscillator 64 which 

m ^ 

s 
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generates a phase locked signal which is ampUfied by ampUfier 120. AmpHfier 120 
provides a signal to first 3dB coupler 68 which splits the signal between amplifier 122 
and amplifier 124. Amplifier 122 amplifies the signal from first 3dB coupler 68 and 
O 15 provides an amplified signal to second 3dB coupler 74. Amplifier 124 receives a signal 

m 

from first 3dB coupler 68 and provides an ampUfied signal to band pass fiher 126. Band 
pass filter 126 provides a signal in digital form to a digital processing and recording 
system 104 which is coimted using standard digital frequency counting techniques. 
Second 3db coupler 74 sphts the signal received from amplifier 122 between sensor 12 
20 and phase delay adjustment circuit 82, Phase detection circuit 62 receives an input signal 
from phase delay adjustment circuit 82 and includes phase detection mixer 86, low pass 
filter 128 and loop filter 100. Phase detection mixer 86 receives an input signal from 
phase delay adjustment circuit 82 at L signal port 88 and a second input signal at R signal 
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port 90 from sensor 12. The output signal emerging from phase detection mixer 86 is 
provided to low pass filter 128 which provides an input signal to loop filter 100. Phase 
detection circuit 62 provides a baseband feedback signal to voltage controlled oscillator 
64 to lock voltage controlled oscillator at an output signal which has fixed phase 
difference (e.g., zero phase delay) between the input signal and output signal of sensor 
12. 

In another embodiment in accordance with the subject invention, readout circuit 
60", Fig. 7 includes all of the circuitry of sensor readout circuit 60, Fig. 5, but also 
includes voltage step module 1 10 to provide for measurement of resonant peak Q as well 
as the resonant frequency. Resonant peak Q measurement is accomplished by first 
locking the drive circuit 64 to the resonant frequency of sensor 12 as described above. 
Baseband feedback signal 102 is interrupted and a voltage step is applied to voltage 
controlled oscillator 64 by voltage step module 1 10 to offset the operating condition of 
sensor 12 by a specific phase increment, such as 90^ 180® or 270°. However, any phase 
increment may be chosen between 0 and 360°. The resulting frequency offset is 
measured and the Q is calculated from the ratio of frequency and phase offsets. 

The unique design of sensor readout circuit 60" with voltage step addition module 
110 provides a continuous frequency readout throughout the phase locking of drive 
circuit 64 to the transmission resonant operating point of sensor 12. Sensor readout 
circuit 60" can be adjusted by biasing drive circuit 64 to lock to alternate resonant peaks 
and provide measurement of resonant Q by offsetting the feedback loop phase delay and 
measuring the output frequency offset. 
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The preferred method for determining the frequency signal output of a sensor 
includes the steps of: detecting the phase difference between an output signal from a 
sensor and an input signal to a sensor, step 200, Fig. 7 and maintaining a fixed phase 
difference between the output signal and the input signal, step 202. In one example, the 
5 method also includes adjusting the phase difference between the input signal and the 
output signal, step 204. 

The unique combination of a phase detection circuit and a drive circuit (e.g. a 
voltage controlled oscillator) results in a robust readout circuit which fixes the drive 

1^ circuit to maintain a specific phase delay between the output and the input of the sensor. 

O 

p 10 By locking or adjusting the phase delay, the phase at the resonant peak can be selected 

Wi and the frequency corresponding to this peak can be continually tracked with the 

^ frequency represented as an output signal which is counted using standard digital 

Q frequency counting techniques and rendered in digital form to a digital processing and 
recording system. There is no need to sweep the frequency, measure the magnitude and 



p 15 phase angle and perform calculations as found in the prior art. Instead, a predetermined 
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phase shift is maintained, and the corresponding change in the resonant frequency is 
easily measured. In this invention, there is no need for expensive and complex 
electronics, such as a spectrum/network analyzer, which requires substantial signal 
processing and limits the rate of updating the sensor readout circuit. The sensor readout 
20 circuit of the subject invention is robust and inexpensive and compact in design, provides 
frequent updates to the sensor response, and can be used in compact flexure plate wave 
chemical and gravimetric sensor units. 
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Although specific features of the invention are shown in some drawings and not 
in others, this is for convenience only as each feature may be combined with any or all of 
the other featxires in accordance with the invention. The words "including", 
"comprising", "having", and "with" as used herein are to be interpreted broadly and 
comprehensively and are not limited to any physical interconnection. Moreover, any 
embodiments disclosed in the subject application are not to be taken as the only possible 
embodiments. 

Other embodiments will occur to those skilled in the art and are within the 
following claims. 



What is claimed is: 
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